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Abstract

The synthesis method of three series of nitrated (Zn,Mn)-Al hydrotalcites in the presence of microwave irradiation is presented. MnO, anions
were partially incorporated between the layers of those compounds and a staged intercalation occurred. In the presence of CO,, nitrated and
permanganate intercalated hydrotalcites were tested in CO3™ retention. Carbonate phobic character was observed and it may be correlated to
the poor basicity of hydrotalcites, thus, to the electronegativity of M>" cations.
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1. Introduction

Hydrotalcite-like compounds (HT) are layered double hy-
droxide minerals. They are natural or synthetic anionic clays
with positively charged layers balanced by hydrated anions
[1]. HT composition is defined by the general formula
M7 M2H(OH),][AY, -mH,0], with x=molar ratio M>"/
(M?>* +M>") and 0.2 < x < 0.33. The layer structure is usu-
ally constituted by octahedrally coordinated divalent (Mg>",
Ni**, Zn**, ...) and trivalent (AI>", Cr’", ...) cations, sharing
edges to form infinite brucite-like sheets, Mg(OH),. The inter-
layer space may be occupied by CO3~, NO3, Cl~, etc. [1,2] or
more complex anions [2] as Fe(CN)gf, Fe(CN)gf, V2O?7,
M07OSZ . Hydrotalcites are versatile materials [3] since their
properties may be modulated by changing the molar ratio,
M3*T/(M?* + M> "), therefore altering the brucite-like layer
charge. Then, the amount and the type of interlayered anions
may be controlled.

Hydrotalcites can be synthesized through several precipita-
tion methods [1—6]. Coprecipitation is the usual procedure, it
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is a time consuming technique, which requires large volumes
of water. This method in the presence of microwave irradia-
tion, not only reduces preparation time, but it provides original
materials. For instance in Mg/Al hydrotalcite microwave-
assisted synthesis, the resulting materials present a concentra-
tion gradient where the core is aluminium enriched. This effect
may be attributed to the competitive diffusion determined by
charge, weight and ion size. As aluminiums are the cations as-
sociated with the interlayered anions, they determine the loca-
tion of those anions, then in the microwave-assisted synthesis
they should be located in the core of the particle [7].

The Mg—Al HT preference towards divalent ions is as fol-
lows: SO7~ < NYS?>~ < CO3~ and for monovalent anions it is
I" <NO3 <Br” <ClI” <F <OH" [3,8]. Those sequences
depend mainly on aluminium content, anion type, water con-
tent and calcination temperature. Carbonates are always
preferred and it is a hard task to inhibit the formation of
CO%‘ hydrotalcite [9]. If iodine, for example [10], has to be
retained, the hydrotalcite must be thermally treated to elimi-
nate carbonates and obtain the metallic oxides which are the
precursors to reconstruct HT with iodine as interlayered anion.
Therefore, the synthesis of a carbonate phobic hydrotalcite is
highly suitable to avoid the calcination step.
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In this work we propose to substitute Mg by Zn or Mn and
we study the corresponding performance in carbonate reten-
tion. We chose Zn and Mn to modify the polarities in the
hydroxide layers. In this sense, the synthesis of nitrated
(Zn,Mn)-Al HTs in the presence of microwave irradiation is
presented. Then, MnOy and CO, were selected to test the ob-
tained nitrated materials. Indeed, MnQy is an anion (A},,) and
CO, is a gas prone to react and forms carbonate anions which
may be intercalated.

2. Experimental section
2.1. Hydrotalcites preparation

Binary Zn—Al and Mn—Al HT with a M**/AI>" molar ra-
tio of 2/1 were synthesized by coprecipitation [11]. Two
aqueous solutions, one containing both Mn(NO3), from Al-
drich, 98% (or Zn(NOj3), from Baker, 99%) and Al(NO3);
from Aldrich, 99%, hydrated salts, and the other NaOH
(1.85 M) from Baker, 98%, were added dropwise into a flask
at room temperature. The pH was maintained between 7.5
and 8.5 to avoid the ZnO formation [12—14]. After precipi-
tation, samples were irradiated in a microwave oven (MIC-I,
Sistemas y Equipos de Vidrio, S. A. de C. V.) operating at
200 W for 10 min to accelerate condensation and crystalliza-
tion steps [7]. The maximal temperature reached into the re-
actor was 353 K. The mixture final volume was about 400 ml
to obtain ca. 20 g of dried product. Prior to drying at 343 K
for 24 h, the precipitates were washed with deionized water.
The nitrated Zn—Al HT was white, while the nitrated Mn—
Al sample turned out to be brown. The ternary nitrated
(Zn-Mn)-Al HT was synthesized in the same way with
a Zn/Mn/Al molar ratio of 0.2/1.8/1.0. An intense brown
color was the feature of the dried product. All hydrotalcite-
like compounds were calcined at 523 and 723 K in a mufle
for 2 h.

2.2. Insertion of MnOy

Two methods were used to introduce the MnQOj anions:
on the one hand, through anion exchange and on the other,
through memory effect. The anion exchange procedure is de-
scribed in Ref. [15]. Two grams of each nitrated hydrotalcite
(before the drying step) were suspended in 200 ml of an
aqueous solution of KMnO, (0.3 M). Anion-exchange reac-
tion was performed while stirring at room temperature. The
mixture was then irradiated in a microwave oven (200 W
for 10 min). The samples were centrifuged, washed exten-
sively and dried at 343 K. The second procedure to incorpo-
rate MnOj into the nitrated HT was via the memory effect.
An appropriate amount of samples calcined at 523 or 723 K
was added to 200 ml of an aqueous solution of KMnO,
(0.3 M). The suspension was stirred and subsequently micro-
wave irradiated at the previous conditions. The resulting
product was washed several times, centrifuged and dried at
343 K.

2.3. CO; test

The CO, effect was followed in the TGA experiments as
explained later. These experiments were carried out to deter-
mine the CO, retention.

As a reference, memory effect efficiency of the calcined
NO;3-HTs was tested by mixing the samples with a Na,CO;
aqueous saturated solution and stirring for several days at
room temperature. In such conditions, a calcined Mg—Al
HT is usually reconstructed [8].

2.4. Characterization

X-ray diffraction (XRD) patterns were recorded with
a Bruker axs D8 advance diffractometer coupled to a copper
anode X-ray tube. X-ray thermo-diffraction was carried out
from 333 to 683 K with a temperature scanning step of 35 K.

N, adsorption—desorption isotherms were measured with
a Micromeritics ASAP 2020 system at 77 K. Prior to analysis,
the samples were pretreated in vacuum at 473 K for 5—6 h.
This pretreatment was chosen after the thermo-diffraction
and TGA experiments. Total pore volume was evaluated
from the desorption branch of the isotherm using the BJH
model.

A Perkin—FElmer GX series spectrometer in a wavenumber
interval of 4000—400 cm™' was used to measure the FTIR
spectra. The DTGS detector had a resolution of 2 cm™'. The
powder samples were not diluted.

Scanning electron microscopy (SEM) images were re-
corded with a Cambridge Leica Stereoscan 440 microscope.
Samples were previously coated with gold to avoid the lack
of conductivity. X-ray energy dispersive analysis (EDX) sys-
tem was coupled to the SEM.

TGA-N, and CO, experiments were carried out from room
temperature to 1273 or 1173 K at the rate of 10 K minfl, with
a TA Instruments equipment. CO, sorption experiments were
analyzed using the same TGA instrument. A total of 50 mg
of HT were pretreated in N, from room temperature to
423 K (5 Kmin™"). The sorption step was then performed iso-
thermally (at 423 K) under gas flow (60 ml minfl) of carbon
dioxide for 2 h.

3. Results
3.1. Dried nitrated samples

3.1.1. X-ray diffraction

The XRD patterns of the HTs dried at 343 K are shown in
Fig. 1. They all correspond to a hydrotalcite-like structure,
the average dyo; distance is 8.846 A for the three samples;
the dpp; distance is similar to the often reported value in
nitrated HTs [8]. Thus, the interlayer space is ca. 4.0 A as
4.8 A is the thickness of the brucite-like layer. Still, a small
amount of a spinel appears in the ternary (Zn-Al)-Al HT
attributed to the oxidation of the reactants during preparation
[16], probably favoured by the microwave irradiation. The
brown color of the Mn samples has to be attributed to the
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Fig. 1. XRD patterns of nitrated HTs dried at 343 K.

oxidation process: Mn(II) to Mn(IV). Indeed, Mn(II) cations in
an octahedral OH environment are slightly pink (as hexa aque-
ous manganese(Il) cations). Nevertheless, these compounds
are present in a very low concentration.

Besides, parameters a and ¢, displayed in Table 1, are con-
sistent with a hexagonal unit cell; they were obtained from the
hydrotalcite (110) and (003) reflections, respectively. Cell pa-
rameter a is smaller in the Zn—Al HT (3.060 1&) than in the
Mn—Al HT (3.153 A). As Mn*" ionic radius (0.80 A) is larger
than the Zn>" ionic radius (0.74 A) [1], then Zn>* and Mn>"
are inserted in the brucite layers of the corresponding samples.
In the ternary material, (Zn-Al)-Al HT, the a parameter is
3.150 A. This value is larger (0.010 A) than the value obtained
using the Végard law (a =3.140 A) with the molar nominal
composition Zn/Al = 0.2. As spinel precipitated, the HT com-
position is different, again using the Végard law to determine
the Zn/Mn ratio from the cell parameters, the following hydro-
talcite composition is obtained, Zng osMn; 94Al; o, Which cor-
responds to a Zn/Al value of 0.06. The nominal composition
does not correspond to the formed compounds, as a high
amount of Zn did not react and was eliminated during the
washing step or was incorporated into the spinel. Furthermore,
the determination of the Zn/Al ratio through the Végard law
should be more trustable than the ratio obtained through a con-
ventional chemical analysis as it corresponds only to the hy-
drotalcite and does not incorporate the contribution of the
segregated oxides. Lastly, the (006) X-ray diffraction peak in-
tensity is higher than the intensity of the (003) reflection in the
(Zn,Mn)-Al-NO;. To explain such difference, it has been

Table 1
Cell parameters obtained by XRD from nitrated HTs dried at 343 K

NO;-HT

Dried samples

dios) (A) a (A, £0.001) ¢ (A, £0.001)
Zn—Al 8.814 3.060 26.441
Mn—Al 8.882 3.153 26.645
(Zn-Mn)-Al 8.841 3.150 26.522

a and ¢ parameters were obtained from a = 2d ¢ and ¢ = 3do3. The NaCl was
used as internal reference.

proposed that a heavy metal is located at the midpoint of the
interlayer galleries [17,18].

3.1.2. Scanning electron microscopy and EDX analyses

Table 2 compares the M/AI bulk molar ratios obtained by
EDX analyses and XRD (Végard law). In the ternary sample
Zn/Al=0.57, value obtained by EDX, showing that the
amount of Zn in the HT is higher than the nominal. This result
is not in agreement with the XRD measurements. As micros-
copy is a local analysis and X-ray diffraction corresponds to
the bulk of the hydrotalcite sample, the homogeneity of this
material is not guaranteed. Furthermore, the EDX analysis
may correspond to a spinel particle. Therefore, the probable
composition of the spinel is Zn;_,Al,Mn,O,, where x = 0.57
corresponding to the Al/Zn spinel ratio. Of course, such infor-
mation is much richer than the one provided by a conventional
elementary analysis, for instance atomic absorption spectros-
copy. Indeed, the values reported in this work are selective as
they differ between bulk and surface or spinel and hydrotalcite.

Even in low magnification micrographs, the HT morphol-
ogies are different (Fig. 2A, C and E). The Zn—Al HT surface
is smooth and clean, instead the Mn—Al HT presents small
faceted adhered particles. The (Zn-Al)-Al HT is very similar
to the Mn—Al HT. If the magnification is higher, these remarks
are confirmed. In the Zn—Al sample, grains are shaped as
small flakes ca. 0.5—1.0 um (Fig. 2B). This morphology is
also present in other preparations, Fig. 2D and F, where the
grain sizes (0.5 pm < d <4 pm) and their distributions are dif-
ferent. Again, the grains in the samples containing Mn*" have
a similar morphology.

The homogeneity of metal distribution in the HT's was then
established by mapping Zn, Al and Mn elements by EDX. In
Zn—Al HT, both elements Zn and Al are homogeneously dis-
tributed (Fig. 3A). Instead, in the Mn containing materials
(Fig. 3B and C), zones poor in Al and Zn are detected, mainly
for the (Zn-Mn)-Al sample. These zones correspond to the
manganese oxides reported by XRD or to the Mn surface en-
riched HT grains.

3.1.3. N>-TGA experiments

The initial weight loss at 393—423 K is attributed to the re-
moval of interlayered water molecules (Fig. 4); the layered
structure is preserved. The HT lattice collapses, between 473
and 783 K, due to the removal of interlayered NO3 and hy-
droxyl groups. The total weight loss was estimated to be

Table 2
Comparison of the Zn/Al and Mn/Al molar ratios obtained by XRD and EDX
analyses

NO;-HT Zn/Al Mn/Al

XRD EDX XRD EDX
Zn—Al 2.0 2.06 - -
Mn—Al - - 2.0 1.94
(Zn-Mn)-Al 0.06 0.57 1.94 1.46
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Fig. 2. SEM images from Zn—Al (A, B), Mn—Al (C, D) and (Zn-Mn)-Al (E, F) nitrated HTs.

35 wt% (£2) for the three samples. Again, the ternary prepa-
ration behaviour is intermediate between the two binary HTs.

3.14. CO, sorption

To determine the CO, retention efficiency of our materials,
TGA curves were obtained in CO, atmosphere. If the resulting
profiles are compared to those obtained in N, atmosphere, no
different weight losses are observed (Fig. 5). It has to be under-
lined that no initial mass uptake is observed under CO, atmo-
sphere. Therefore, no CO, is retained either as carbon dioxide
or carbonate. To be sure that the HT structure was maintained,
isothermal TGA experiments were carried out at 423 K (Fig. 6).
An initial pretreatment, for 25 min under N, current, showed
that almost 7—9 wt% was lost. It may be attributed to interlay-
ered water. When the gas flux was CO,, the Zn—AIl HT weight
remained constant. Instead the Mn containing samples followed
a different trend, they lost ca. 6 wt%, also attributed to water.
Such different behaviour has to be correlated with the specific

surface areas reported previously as well as to the nitrate con-
tent. The Mn layered compounds loose water even if the envi-
ronmental gas is CO,, showing that water occupies the
interlayer space (Fig. 6). Of course, these curves also indicate
that the HT's are unable to trap CO,. A second hypothesis could
be that NO3 anions are totally exchanged by CO3~ anions since
the beginning of the preparations. This would induce a mass
loss of about 12 wt%. However, such proposition has to be dis-
carded as the (Zn-Mn)-Al NO;3 looses more weight than the
Mn—Al NO;3. This sample contains a non-negligible fraction
of spinel. Furthermore, the nitrates are exchanged by carbon-
ates which are only formed in the presence of water.

3.2. Calcined samples
3.2.1. X-ray diffraction

The binary HTs, Zn—Al and Mn—Al samples, treated at
523 K, Fig. 7, present ZnO, ZnAl,0, and/or Mn,0,4, Mn,Os;.
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Fig. 3. EDX mapping of Zn, Mn and Al elements in nitrated HTs.

In the same way, the ternary (Zn-Mn)-Al HT shows a diffrac-
tion pattern indicating the Mn,0, and (Zn,Al)Mn,0, oxide
formation. In the samples calcined at 723 K, Fig. 8, the
same oxide species are formed with similar XRD peak inten-
sities as those in the sample treated at 523 K. The oxide spe-
cies are usually formed at a higher temperature, although our
results may be compared with those of Kooli et al. [19] who
report mixed oxides after calcinations at 573 K. This phenom-
enon has not been observed in the classical carbonated Mg—Al
hydrotalcites, where no oxides are detected by XRD prior
773 K [20,21].

X-ray thermo-diffraction patterns display the evolution of
Zn—Al HT with temperature in situ, Fig. 9. The brucite-like
layered structure is preserved up to 438 K with an evident
peak shift (003) towards larger angles 26 showing that the in-
terlayer space diminishes with dehydration. At 473 K the lay-
ered structure collapses and ZnO is formed. The Mn—Al and
(Zn-Mn)-Al HT present a similar behaviour, but the layered

structures collapse at 438 K and the peak intensities are lower
than in Zn—Al HT.

3.2.2. N, physisorption

The BET surface area of the binary sample Zn—Al HT
(2m? g ") pretreated at 473 K is much smaller than those of
Mn—Al and (Zn-Mn)-Al HTs (64 and 50 m* gfl, respec-
tively), Table 3. The total pore volume shows a similar trend.
The isotherm profiles of the Mn containing samples, Fig. 10,
are Type II according to IUPAC [22].

At 523 K, the BET surface areas for Mn—Al and (Zn-Mn)-
Al samples, 66 and 47 m? gfl, are similar to those of the dried
samples, while for Zn—Al the surface area is larger, 19 m* g~
(Table 3). Furthermore, the total pore volume increases
0.03 cm® g_1 in all samples. At 723 K, the three samples
have similar BET surface areas, close to 70 m?> gfl, and sim-
ilar volumes (ca. 0.13 cm® gfl).
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Fig. 4. TGA-N, behaviour of nitrated HTs.

3.3. Permanganate intercalated HT samples

3.3.1. X-ray diffraction

The XRD patterns of the exchanged samples present broad
peaks, Fig. 11. The diffractogram of the MnO, exchanged
Zn—Al sample corresponds to a nitrated hydrotalcite structure,
20 =11.0° £ 0.1 (doos =8.08 A) (shoulder) and 22.0° +0.1
(dyos =4.04 A). It also presents a first small peak at 9.0°
(dpyoz =9.82 /QX) which may be compared with the peak posi-
tion of the HT intercalated with MnOyj (dgp; = 8.80 A) [13].
The interlayer space produced by the intercalation is larger
than the space required to homogeneously exchange perman-
ganates. The second peak is found at 14.0° (dype = 6.32 A).
Such distance is much higher than the expected in a permanga-
nate intercalated hydrotalcite. It seems that a staged intercala-
tion occurs [23]. This model consists of islands of intercalated
anions located in distorted regions of the host diffusing to-
wards the crystallite centre. This phenomenon is thought to
be a consequence of the flexible nature of the brucite-like
sheets.
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Fig. 5. TGA-CO, and N, profiles for nitrated Zn—Al and Mn—Al HTs.
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Fig. 6. Isothermal TGA-CO, (423 K) for nitrated HTs.

Both Mn containing samples only present dy; distances at
12° (dgoz = 7.37 A). In these materials, the interlayered anion
could be OH™ which as reported by Miyata [8] generates an
interlayer distance of 7.55 A. The small doo3 difference has
to be attributed to the heterogeneous distribution of the anions,
revealed by the broadness of the X-ray diffraction peaks, al-
though this sample is rather complex as the second X-ray dif-
fraction peak is not harmonic with the first. Note that the (012)
and (110) peaks of the Mn intercalated samples are clearly
shifted towards larger angles. These reflections depend on
the layer structure (cell parameters a and b), therefore the bru-
cite layer geometry is altered by the strong interaction with the
pillars.

If MnOy and water were incorporated in Zn—Al HT after the
calcination step at 523 K, no regeneration was observed as
shown by XRD, Fig. 12: the initial Zn oxides remained. In con-
trast, for comparison purposes, only in the presence of Na,COs3,
highly crystalline carbonated Zn—Al HT was partially formed,
Fig. 12. In the same way, the HT's containing Mn did not recon-
struct through memory effect, Figs. 13 and 14, in the presence

Intensity (a. u.)

Zn-AL-NO;”

S # xt N s * * _
MWWMWWM Mn-Al-NO;

* -
W (Zn-Mn)-Al-NO;

10 20 30 40 50 60 70
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Fig. 7. XRD patterns of nitrated HTs calcined at 523 K. (*) MnyOy4, (+)
Mn,O3, (@) (Zn,A1)Mn,Oy, (0) ZnO, (s) ZnAl,O,.
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Fig. 8. XRD patterns of nitrated (Zn,Mn)-Al HTs calcined at 723 K. (*)
Mn,0y4, (+) Mn,03, (@) (Zn,A1)Mn,0y, (0) ZnO, (s) ZnAl,O,.

of MnOy or water. Moreover, the calcined samples at 523 K
were not regenerated in the presence of CO3 .

3.3.2. N, physisorption

After incorporation of MnO, by ion exchange, the surface
areas increased considerably, 116—181 m? gfl, Table 3. The
total pore volume increased as well in all samples, 0.53—
0.66 cm® g~'. These results are in agreement with the XRD
patterns, because the broad peaks indicate that the mean par-
ticle size decreases and this obviously accounts for the in-
crease of surface area.

3.3.3. FTIR spectroscopy

The FTIR spectra for the NO3; and MnO, hydrotalcites
are compared in Fig. 15. All spectra present a broad adsorp-
tion band at 3450 cm ™' attributed to the stretching vibration
of the hydroxyl group (OH) from the hydroxide layers and

HT Pt -
(003) -
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| N
WWM«333
3 ™ R S T =
= s e e o, 403
> TR e SUSPRNIIL S NPT
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Fig. 9. X-ray thermo-diffraction patterns of nitrated Zn—Al HT from 333 to
683 K (AT =35 K). Peaks corresponding to Pt are due to sample holder.

Table 3
Physisorption properties of HTs, on the one hand, dried at 343 K, calcined at
523 and 723 K and, on the other, MnO, exchanged (dried at 343 K)

NO;-HT BET (m°g ") Total pore volume (cm®g~")
Temperature (K) MnOy Temperature (K) MnOj
343 503 703 incorporated 543 553 453 incorporated

by exchange

Zn—Al 2 19 70 121
Mn—Al 64 66 71 181
(Zn-Mn)-Al 50 47 64 116

by exchange
<0.01 0.04 0.12 0.66

0.07 0.11 0.13 0.58
0.07 0.10 0.14 0.53

the interlayer water. The broadening of this band is caused
by the hydrogen bond formation [1,13]. The band close to
1640 cm ™! corresponds to a deformation mode of H,O mol-
ecules. In Fig. 15 the spectra were normalized to the water
band at 1639 cm~'. Indeed, the samples were not diluted
and the TGA experiments showed that the amount of water
was similar in all samples. The band of OH vibration dimin-
ishes after ion intercalation in the samples containing Mn. In
consequence, partial dehydroxylation during the exchange
step can occur. The intense bands at 1394 and 1344 cm™!
are consistent with the v; mode of nitrate and carbonate spe-
cies, respectively. The very small broad band vibration at
1030 cm ™' is observed only for Mn—Al and (Zn-Mn)-Al ni-
trated samples and it is attributed to the symmetric valence
vibration of carbonate [24]. Only the MnO, incorporated
Zn—Al sample presents a band at 1201 cm™' which has to
be caused by the MnO, anions.

In the MnOy incorporated samples, the v3 vibration of NO3
diminishes, and a band at 960 cm ™! for Zn—AIl—MnQ, sample
appears, but in MnOy incorporated Mn—Al and (Zn-Mn)-Al
samples this band shifts to 902 cm ™. It is attributed to the an-
tisymmetric stretching vibration v; of the tetrahedral MnOy .
These results show that MnO, anions interact with the OH™
in the layered structure. Bands observed below 800 cm™' are
due to the vibration of the metal—oxygen bonds in the bru-
cite-like sheets.

60 - Zn-Mn-Al-NO;~

Adsorbed Volume (cm?. g‘l)

Fig. 10. N, adsorption—desorption isotherms of dried NO5;-HTs (adsorption
branch: black circles, desorption branch: empty circles).
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Fig. 11. XRD patterns of MnO4 HTs dried at 343 K.

3.34. CO, sorption

The thermal behaviour of the MnOj incorporated samples
in the presence of N, and CO, was similar to the nitrated sam-
ples. No CO, or carbonates were retained (data not shown).

4. Discussion

The previous results show that binary and ternary nitrated
hydrotalcites may be synthesized with Zn*" and Mn*" in
the presence of microwave irradiation. The obtained materials
are comparable with those reported in Refs. [16,25]. If MnO4
anions are incorporated, through HT regeneration, they are not
intercalated; instead, if the method followed is the anion ex-
change, the HTs may be, in some cases, partially intercalated.
XRD results are in agreement with those from BET as the sur-
face area is large and XRD shows partial crystallization of lay-
ered materials. BET surface areas are similar to those reported
by Villegas et al. [15] for permanganated Mg—Al HTs. Fur-
thermore, FTIR spectroscopy indicates that MnQOz anions

recrystallization", CO32’
N a0 W
%

"recrystallization”, MnO,~
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Fig. 12. XRD patterns of Zn—Al nitrated HT calcined at 523 K and “recrystal-
lized” through the incorporation of either MnOj, water or CO3 .
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Fig. 13. XRD patterns of Mn—Al nitrated HT calcined at 523 K and ‘‘recrys-
tallized” through the incorporation of either MnOj, water or CO3 .

interact with the OH™ of brucite-like sheets. Although, in
our preparations, crystallinity is low, it could be due to partial
reduction of MnOy to MnO, species during microwave irradi-
ation, as temperature in the reactor reaches 353 K.

Our TGA results show that no CO, is retained in our sam-
ples, either as CO, or as carbonates. In other words, there is no
physisorption or chemisorption. This phenomenon may be
caused by a sterical effect as interlayered NO3 anions could
hinder the CO, sorption. However, at 423 K, nitrated HTs
present an interlayer space large enough to allow CO, diffu-
sion [1]. Hence, no steric effects inhibit the access of CO,
to exchange sites. Moreover, diffusing CO, could react to pro-
duce carbonates. CO, may enter the interlayer space of the ni-
trated HTs as discussed previously and it could react with the
water already present between the layers to form CO3 .
Again, as no retention is observed this mechanism has to be

"recrystallization", CO32’

"recrystallization”, water

Intensity (a. u.)

"recrystallization", MnO,~

calcined at 523K

10 20 30 40 50 60 70
2009

Fig. 14. XRD patterns of (Zn,Mn)-Al nitrated HT calcined at 523 K and
“recrystallized” through the incorporation of either MnOj, water or CO3 .
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Fig. 15. FTIR spectra of NO3 and MnO4 HTs.

discarded. Furthermore, calcined samples (523 K) did not re-
construct from CO3 ", only the Zn—Al HT presents a partial
regeneration in extreme conditions.

The sorption of CO, at 423 and 473 K in Mg—Al HTs
has been reported by Moreira et al. [26]; they have explained
the sorption capacity variation with temperature through entro-
pic effects. However, our samples are carbonate phobic hence
this proposition cannot be considered. The carbonate phobic
properties may be correlated with the basic and electronega-
tive features of the metal layered hydroxides. In simple oxides
the basic character is determined by the metal electronega-
tivity [27] and, in hydrotalcites, it depends on the metal lay-
ered electronegativities. The basic properties are determined
by the M*" cations. Furthermore, the charge density in the
layer affects the interactions between anions and the metal
cations.

Sanderson [28] has reviewed the electronegativity character
of all the active major group elements and he has proposed the
following principle of electronegativity equalization: “When
two or more atoms initially different in electronegativity com-
bine, they become adjusted to the same electronegativity
within the compound” [29]. This principle has been applied
by Camacho-Rodrigues [30] to understand the effect of the
composition on the electronegativities of binary HTs. In our
work, the difference between layered M2 electronegativities,
zinc and manganese, can diminish the basic character of ni-
trated (Zn,Mn)-Al HTs, if compared to the classical carbonated
Mg—Al hydrotalcite. The binary Zn*"—Al and Mn*"—Al HTs
present electronegativity values of 3.01 and 2.73, respectively;
they are both higher than Mg>"—Al HT (2.50). In conven-
tional Mg—Al HT, the electron transfer is from Mg (1.32) to
Al (1.74) via an oxygen bridge, but, in nitrated Zn—Al HT,
it is from Al to Zn (2.22). However, the nitrated Mn—Al HT
could present an electron transfer from Mn (1.66) to Al
(1.74), though electronegativity values are very close. The
nitrated HTs containing Zn or Mn present, then, layers with
an electropositive character lower than those of carbonated

Mg—Al HT. In consequence, the basicity of oxygen, as well
as the acidity of metal centres are strongly modified and the
replacement of Mg”" by Zn®>" or Mn>" leads to poor interac-
tions between M>" and carbonate molecules. Thus, the sorp-
tion of CO; is not favoured.

These phobic properties can be better understood if we con-
sider that local electronegativity (or basicity) is linked to the
coordination number of M*" atoms with oxygen [30]. Local
electronegativity in HT has been also defined by Camacho-Ro-
drigues [30]; this concept predicts that the difference between
local and average composition affects the basicity of oxygen
atoms. Fig. 16 shows, for some binary M*"—Al HTs, that in-
creasing surrounding M>* atoms does not increase the basicity
in all of them. Indeed, HTs containing Cr** and Mg " are the
most basic compounds. In contrast, the basicity in the HTs
containing Co®" and Zn*" is lower. In our HTs the nominal
MZ"/AI** molar ratio was 2/1 for all samples, but some oxide
species are formed with HTs containing Mn*", as previously
reported. Mn oxides present a poor basicity since the number
of surrounding M*" atoms must be close to 6 (Fig. 16). Fur-
thermore, Mn compounds present different oxidation states:
II, III, IV, V and VI; with an increase of their Sanderson elec-
tronegativities: 1.66, 2.20, 2.74, 3.28 and 3.82, respectively.

If the correlation between basicity and Sanderson electro-
negativities is accepted, results previously reported in the bibli-
ography may be understood. Sanchez-Valente et al. [31] have
studied nitrated and chlorided HTs. Their calcined hydrotalcite
containing Cu®" (electronegativity = 1.98) presents a poor CO,
sorption, ca. 0.095 meq CO, g '. In this material again, the
electron transfer is from Al to Cu. In contrast, the Ni—Al HT
presents CO, sorption much higher.

Still, such correlation fails if nickel is present. The highest
concentration of basic sites was observed for a carbonated
Mg—Ni—AIl HT with low magnesium and high nickel content
(0.33/1.67/1) [32]. Although, Sanderson electronegativity of
Ni?" (1.94) is almost the same as Cu®* (1.98), the electron trans-
fer prevails between Mg and Al. In this report, a synergetic effect
is proposed between the two M " cations, which modify the ba-
sic properties.

32
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Local electronegativity
[3S) S8}
~ >N
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Fig. 16. Influence of surrounding M*" atoms on electronegativity (or basicity)
in binary M>*—Al HTs.
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In hydrotalcites with different interlayered anions, Zhang
et al. [33] have observed that the basicity of a Cu*/Ni%t/
Cr’" calcined sample with a molar ratio of 1/2/1 increases
in the following order: HT-CO3~ > HT-NO3 > HT-SO; . In
the same way, Kustrowski et al. [34] have reported that a car-
bonated Mg—Al HT presents basic sites much stronger than
sulfated and nitrated Mg—Al hydrotalcites.

5. Conclusions

Nitrated hydrotalcites with Zn or/and Mn as M*" and Al
as M were synthesized in the presence of microwave irra-
diation. If MnO; anions were incorporated via memory
effect, the hydrotalcites did not crystallize. If the method
followed was the anion exchange, the hydrotalcites were par-
tially intercalated. These materials present carbonate phobic
properties which were correlated with the basic and electro-
negative features of the brucite-like layers. The nitrated or
permanganated HTs containing Zn or Mn layers presented
a poorer basicity than Mg—Al HTs. Therefore, the sorption
of CO, is not favoured, nor the formation of carbonates.
Due to carbonate phobic properties, these materials may be
used as adsorbents in different processes in the presence of
carbonate environment.
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